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Abstract 
In this work, we attempted to construct a ferromagnetic transparent conducting film through multilayer 
approach. The ferromagnetic transparent conducting ZnO:Al/Fe65Co35/ZnO:Al tri-layer structure films were 
fabricated by inserting a middle magnetic Fe65Co35 thin layer into ZnO:Al matrix using multi-target magnetron 
sputtering apparatus at the substrate temperature of 300 oC. The ferromagnetism was observed by vibrating sample 
magnetometer (VSM) at room temperature, and the in-plane hysteresis loops revealed that the magnetic properties 
strongly depended on the Fe65Co35 layer thickness. The inserted middle Fe65Co35 thin layer played an important role 
in providing the ferromagnetism and decreasing the resistivity of the multifunctional films. 
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1. Introduction 
Transparent conducting oxide (TCO) films are materials with high visible transparency and high 
electrical conductivity, which have been widely used in many applications such as transparent electrodes 
of flat panel devices, electrodes of solar cells, new sensors, and energy efficient windows [1-3]. ZnO as 
one of the important transparent conductive oxide materials has attracted great attention due to its high 
exciton binding energy of 60 mV at room temperature, high stable physical properties to H2 plasma, rich-
storage and non-toxicity [4, 5]. With the rapid development of the power electronic equipment and 
communication devices, the problems of electromagnetic interference as well as the baneful influences on 
human bodies have become serious [6]. It is urgently required to develop materials with combination of 
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optical, electrical and magnetic properties and investigate their inter-correlation effect. It is well known 
that the magnetic alloys or ferrite composite semiconductors are efficient electromagnetic wave absorbing 
materials which shield and absorb electromagnetic waves to protect human health [6-9]. When a magnetic 
composite contained semiconductor, the wave absorption efficiency of material was improved due to the 
complex permittivity and permeability differ from unity [10]. Combining electromagnetic wave absorbing 
material (such as magnetic alloy or ferrite) with ZnO films offers an interesting and important way to 
fabricate magnetic transparent conducting films with high transparency and electrical conductivity, which 
can be used as electrode materials for solar cells.  
In this work, the ZnO:Al/Fe65Co35/ZnO:Al tri-layer structure films were fabricated by inserting a 
middle magnetic Fe65Co35 alloy (0–18 nm) layer into ZnO:Al matrix using multi-target magnetron 
sputtering apparatus at a substrate temperature of 300 oC. The inserted Fe65Co35 layer played an important 
role in providing the RT ferromagnetism and decreasing the resistivity of the multifunctional films. 
Through optimizing the thickness of Fe65Co35 alloy layer, the tri-layer films with visible light 
transmittance of about 80 %, dc resistivity lower than 5.5×10-4 cm, and RT ferromagnetism were 
obtained when the interlayer thickness was 2 nm. 
2. Experimental 
The ZnO:Al/Fe65Co35/ZnO:Al tri-layer structure films with different Fe65Co35 layer thickness were 
deposited on quartz glass flakes, (110) silicon wafers and polyimide films which had been cleaned 
carefully. The samples prepared on quartz glass flakes were used for XRD, transmittance, and hall 
coefficient measurements, while the samples prepared on silicon wafers were used for SEM measurement 
and those on polyimide were used for magnetism measurement. The magnetron sputtering equipment has 
two targets and a revolving holder with the vertical distance of 8 cm to the target. In our experiment, an 
ZnO:Al (98:2 wt%) ceramic target with diameter of 2 inch and a Fe65Co35 alloy target with diameter of 3 
inch were fixed on the target holders. The radio frequency (RF) power was applied to prepare the ZnO:Al 
layers and direct current (DC) power was used to prepare the middle magnetic Fe65Co35 layer and the 
power for ZnO:Al and Fe65Co35 targets were fixed at 120 W and 10 W, respectively. By adjusting the 
deposition time and controlling the baffle switch, the tri-layer structure ZnO:Al/Fe65Co35/ZnO:Al films 
with ZnO:Al layer thickness of 200 nm and Fe65Co35 alloy layer thickness ranging from 0 to 18 nm were 
obtained. During the deposition, Ar flux controlled by the mass flow controller was 20 sccm, work 
pressure was 0.3 Pa and the substructure temperature was fixed to 300 oC. 
The structures of the samples were characterized by X-ray diffractometer (Panalytical X'pert-PRO) 
using the Cu KĮ radiation (40 kV, 30 mA) at X'celerator_normal mode. A scanning electron microscope 
(LEO-1530FE) was used to analyze the surface morphology of the films. Dektak-ċ Series thickness-
measuring instrument was used to record the film thickness. The optical transmittance (%T) spectra were 
recorded by Varian Cary 5000 infrared-UV spectrophotometer in the wavelength (Ȝ) range of 300–2000 
nm. The hall coefficient of samples was examined by Ecopia 2000 Hall Effect Measurement System. A 
vibrating sample magnetometer (VSM) was used to measure the hysteresis loops of the composite films. 
3. Results and discussion 
3.1. Structure and surface morphologies 
The results of the structural properties examined by X-ray diffractometer in the X'celerator_normal 
mode are shown in Fig. 1. For all samples, the patterns exhibit strong peak from (002) plane and weak 
peaks from (100), (102) and (004) planes of ZnO (JCPDS NO. 36-1451), indicating that all the samples 
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are typical hexagonal wurtzite structure with strong (002) preferred orientation. As the thickness of 
Fe65Co35 layer increases, a weak FeCo (110) peak appears at about 44o and the peak increases in intensity. 
It is worth mentioning that when tFe65Co35 > 6 nm, three small peaks (marked with “*”) corresponding to 
the (Fe, Co)3O4 or Ȗ-(Fe, Co)2O3 phase are observed, which is due to partial oxidation of the middle FeCo 
layer during the deposition process. This confirmed that Į-(Fe, Co) phase and (Fe, Co)3O4 or Ȗ-(Fe, 
Co)2O3 phase coexisted in the multilayer films. However, it was very difficult to differentiate these two 
oxide phases by XRD because of their similar lattice parameters and relatively poor crystallinity. Only 
diffraction peaks belonging to ZnO were detected in sample with tFe65Co35 = 2 nm because of too small 
thickness of FeCo alloy layer.  
 
 
Fig. 1. The XRD patterns of the multilayer films.                   Fig. 2.  The lattice constant and grain size of the multilayer films.   
The lattice constant (c) calculated from the interplanar distance d002 of the ZnO (002) peak is plotted 
versus the tFe65Co35 in Fig. 2. All the samples exhibited a bigger value than that (0.5206 nm) of pure 
standard ZnO (JCPDS file No. 36-1451) because of the tensile stress presented in samples. The lattice 
constant (c) of ZnO:Al/Fe65Co35/ZnO:Al films was very close to the single layer ZnO:Al films. This 
indicated that the inter-diffusion of atoms between different layers was very limited (The inter-diffusion 
in multilayer films will strongly influence the lattice constant [3]). Based on the XRD experiment data, 
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Here d is the average grain size, O  is the X-ray wavelength of Cu Ka radiation (0.154056 nm), T is 
the Bragg angle, and B is the FWHM of (002) diffraction peak of the films. The variations in the average 
grain size plotted as a function of the tFe65Co35 are also shown in Fig. 2. It is clear that the grain size of 
samples maintains almost unchanged with changing the thickness of Fe65Co35 layer. This indicated that 
the thickness of intermediate Fe65Co35 layer had little effect on the average grain size of the films because 
the inter-diffusion of atoms between different layers was limited and the transition layer between ZnO:Al 
and Fe65Co35 layer was very thin corresponding to the total thickness of the films.  
Figure 3 shows the surface morphologies of ZnO:Al/Fe65Co35/ZnO:Al films with different thicknesses 
of intermediate Fe65Co35 layer. All the films have uniform structure and the surface morphology appears 
to be sensitive to the thickness of intermediate Fe65Co35 layer. The surface morphology became rougher 
with the increase of Fe65Co35 layer thickness. This was because along with the increase of Fe65Co35 layer 
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thickness, the continuity of the upper ZnO:Al film layer grown on the intermediate Fe65Co35 layer was 
destroyed. 
3.2. Electrical properties 
                
Fig. 3. SEM graphs of the films with                                        Fig. 4 The electrical properties of the films with different tFe65Co35. 
(A) tFe65Co35 =0 nm, (B) 2 nm, (C) 10 nm, and (D) 18 nm. 
Figure 4 shows the dependence of carrier concentration, Hall mobility and resistivity of the 
ZnO:Al/Fe65Co35/ZnO:Al films on the thickness of Fe65Co35 layer. The carrier concentration increased 
with increasing the intermediate Fe65Co35 layer thickness because the Fe65Co35 metal layer can offer lots 
of free electrons to the multilayer films. It is well know that, the main factor influencing on Hall mobility 
in semiconductor films is scattering. There are many scattering mechanisms such as grain boundary 
scattering, surface and interface scattering, and ionized impurity scattering [3]. The films prepared at the 
same parameters during the preparation process have similar average grain size (see Fig. 2). Therefore, 
there should not be significant difference in the ionized impurity scattering and the grain boundary 
scattering for the films with different Fe65Co35 layer thicknesses. Meanwhile, the inserted Fe65Co35 layer 
brings more interfaces and increases the surface roughness (see Fig. 3) of the films, which have strong 
scattering effects on the moving of the electrical carriers. Therefore, the Hall mobility of the films 
decreases with increasing the thickness of Fe65Co35 layer when the thickness of the middle layer is very 
thin compared with ZnO layer. The resistivity of the films which can be calculated by 1neR P  [12] is 
also given in Fig. 4. Here, n is the carrier concentration, e is the electronic charge and μ is hall mobility. 
Although the hall mobility decreases, the resistivity decreases with increasing the Fe65Co35 layer thickness 
because the increase of carrier concentration plays a dominant role in this process. 
3.3. Transmittance 
Figure 5 shows the transmittance spectra as a function of wavelength in the range of 300-2000 nm for 
samples with different thicknesses of intermediate Fe65Co35. The transmission of the multilayer films 
sharply decreased with the introduction of intermediate Fe65Co35 layer. The thickness of Fe65Co35 alloy 
was optimized because the thickness of Fe65Co35 layer was not allowed beyond a certain threshold for 
high transmittance in the visible region. According to Burstein-Moss effect [13], the optical band gap is 
the energy of electron vertical transitions from the filled valence band to the lowest unfilled levels in the 
conduction band. With increasing electron concentration, the lowest unfilled level in the conduction band 
also increases. Therefore, the distance of electron vertical transitions from the valence to conduction is 
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increased and the optical band gap (ǻEg) is widened with increasing electron concentration, leading to the 
blue shift of the optical absorption edge. The optical band gap can be calculated using the following 
equation: [3, 14] 
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Here h is Planck’s constant, m* is the electron effective mass in conduction band (we used a value of 
0.24 me [15]), and n is carrier concentration. It is clear that the optical band gap increases with increasing 
the carrier concentration. However, in our experiment, the optical absorption edge was not sensitive to the 
increase of carrier concentration (see Fig. 5). This means that the increased carriers do not fill in the 
conduction band of ZnO. According to previous study, the electron affinity of ZnO (4.5 eV [16]) is lower 
than the work function of FeCo alloy (~ 4.5–5.0 eV [17]). Therefore, there was a small barrier for the free 
electrons to flow into ZnO layers. When measuring Hall coefficient, the free electrons can flow into ZnO 
films and the carrier concentration increases because an applied voltage was used in the measurement 
process. However, in the measurement process of transmittance spectra, there were few free electrons 
injected into ZnO layers from Fe65Co35 alloy layer because of the presence of the small barrier at the 
interface of ZnO/FeCo and the lack of applied voltage. Therefore, the increase of the thickness of 
Fe65Co35 layer has no effect on the optical band gap of the films. 
 
     
Fig. 5. The transmittance spectra of the films.                       Fig. 6. In-plane magnetization curves of the films. 
3.4. Magnetic performance 
Figure 6 shows the dependence of magnetic properties on the thickness of Fe65Co35 layer. The RT 
ferromagnetism can be detected even for sample with 2 nm thickness of Fe65Co35 layer. The hysteresis 
loops exhibited a two-step saturation behavior. The rapidly saturated part should correspond to 
ferromagnetic Fe65Co35 alloy grains without oxidation, while the slowly saturated part resulted from 
ferromagnetic oxide grains [18]. This result matched well with the XRD results. In addition, the 
saturation magnetization and coercivity of the films also strongly depend on the thickness of Fe65Co35 
layer. It is clear that the saturation magnetization of the films increases with the increase of the thickness 
of Fe65Co35 layer. But the change of the coercivity on the Fe65Co35 layer thickness reveals a contrary trend. 
The coercivity is 2300 Oe for tFe65Co35 = 2 nm, and decreases to 110 Oe for tFe65Co35 = 18 nm. This can be 
attributed to the non-continuous behavior of Fe65Co35 alloy layer and the weak exchange interaction 
between separate Fe65Co35 grains when the thickness of the Fe65Co35 alloy layer was very thin. With 
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increasing the thickness of Fe65Co35 alloy layer, the exchange interaction between Fe65Co35 grains was 
strengthened, leading to a decrease in the coercivity of the films. 
4. Conclusions 
In this work, the ferromagnetic transparent conducting ZnO:Al/Fe65Co35/ZnO:Al tri-layer structure 
films were fabricated by inserting a middle magnetic Fe65Co35 thin layer (tFe65Co35 = 2̢18 nm) into ZnO:Al 
matrix using multi-target magnetron sputtering apparatus at Ts = 300 oC. The dependence of the 
microstructural and physical properties of ZnO:Al/Fe65Co35/ZnO:Al multifunctional films on the 
thickness of Fe65Co35 layer were systematically investigated. The inserted middle Fe65Co35 alloy thin 
layer played an important role in providing RT ferromagnetism and decreasing the resistivity of the 
multifunctional films. The optimal preparation conditions for the ZnO:Al/Fe65Co35/ZnO:Al multilayer 
films were that the Ts = 300 oC and tFe65Co35= 2 nm. Under such conditions, the ferromagnetic 
multifunctional film exhibited a low resistivity value of 5.5×10-4 ȍcm and an average transmittance of 
more than 80%. Our research results indicate that it is possible to produce a multifunctional film material 
simultaneously having good optical transparency, high electrical conductivity, and RT ferromagnetism.   
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